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ABSTRACT

A water quality modeling study was conducted to determine and compare nitrogen loss
from agricultural systems growing switchgrass and cotton in the southeastern USA. The
water quality impacts were modeled at the plot scale and at the watershed scale. The Soil
and Water Assessment Tool (SWAT) was used to replicate field conditions observed at
switchgrass research plots at Pee Dee Research and Educational Center at Florence,
South Carolina. The plot scale modeling suggested that in the early years of growth there
is significant nitrogen loss from switchgrass to streamflow and groundwater but they are
significantly less as the switchgrass matures. The long-term nitrogen loss over the
lifetime of switchgrass was approximately 10% that from cotton. . The watershed-scale
modeling was carried out for the Black Creek watershed located in the Pee Dee River
basin in South Carolina. The results were even more encouraging than those for the plotscale modeling. The long-term loss of nitrogen was approximately 1% that from cotton
when switchgrass was grown on all cotton farms in the watershed, according to the
simulations. The results also indicate use of computational models to quantify nitrogen
fluxes in Life Cycle Assessment (LCA) of agricultural systems growing switchgrass
gives a more accurate representation of the system than using constant emission factors.
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CHAPTER ONE
INTRODUCTION

BACKGROUND

Switchgrass has been claimed as a crop suitable to serve as feedstock for cellulosic
ethanol while protecting water quality (Simpson et al., 2008). Switchgrass is a perennial,
native to the USA, which requires little management, grows well on marginal lands and
has the potential to be used as a feedstock for bio-ethanol. The production of bio-ethanol
has shown rapid growth over the past 10 years, driven by policies aimed at replacing
MTBE and reducing dependency on foreign oil. Bio-ethanol has been researched as an
alternative and renewable fuel that has the potential to provide fuel security with reduced
impacts to the environment. Nearly all of the ethanol currently produced in the US is
from corn starch. However, there is need to consider alternative feedstock for the
production of ethanol. The diversion of corn for ethanol has been accompanied by a
reduction in global food supply and consequently an increase in food prices (Trostle,
2008). Besides there are water quality concerns due to nitrogen leaching from increased
corn acreage (Donner and Kucharik, 2008). Under such circumstances, it is important
that alternative feedstock for bio-ethanol is researched.

Establishment of a South Carolina statewide bioenergy infrastructure would require
conversion of large areas of land to switchgrass cultivation. Regionalized monoculture
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switchgrass agriculture will have potential impacts on the environment. The effects of
such large scale land uses should be researched at a watershed or basin scale to predict
the impacts on water quality. Although switchgrass has been used in riparian buffer zones
for reducing nutrient and sediment runoff from agricultural fields (Lee et al., 1999), it has
not been grown as an agriculturally managed crop. Depending upon the desired yield,
studies have reported nitrogen requirements for switchgrass ranging from up to 200 kg/ha
or more (Parrish and Fike, 2005). Such high fertilizer application rates have the potential
to impact groundwater and surface water quality of a region.

The agriculturally rich corridor along interstate highway I-95 in the coastal region of
North Carolina, South Carolina and Georgia is suitable for growing biofuel crops. These
regions have traditionally grown cash crops such as cotton. However, due to competition
from international markets these plantations have suffered severe losses. Switchgrass has
the potential to be the next cash crop for the region. The coastal region of South Carolina
has sandy soils and is ideal for growing perennial grasses such as switchgrass. But
growing switchgrass as a monoculture has the potential to impact the water quality of the
region. Optimal land-use patterns have to be identified such that the required feedstock
can be grown while preventing adverse impacts on the water quality.

The major water quality parameter of interest in this study is nitrogen. Life cycle
assessments (LCA) of agricultural systems have concentrated on the use of emission
factors to predict nitrogen losses to surface waters. But there is considerable uncertainty
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associated with different nitrogen emission factors which leads to an uncertainty in
nitrogen loss to surface waters (Payraudeau et al., 2007). In reality, the emission rates
vary by soil type, climate and agricultural management practices (Brentrup et al., 2000).
Annual variability in nutrient loads to surface waters has made it difficult to integrate
eutrophication impacts from agriculture into LCA. Energy and row crop LCAs have
failed to include this variability (Powers, 2007). Actual measurements of nitrogen losses
are not feasible for LCA purposes. Therefore, mathematical models that represent
agricultural systems reasonably and can model nitrogen losses realistically may be
employed for LCA studies.

HYPOTHESIS AND OBJECTIVES

The hypothesis is that land-use change from cotton to switchgrass will improve water
quality with respect to nitrogen runoff and leaching. The objectives of this project are to
model nitrogen loss from switchgrass systems for different fertilization rates and cutting
management, and compare it with the nitrogen loss with water flow from conventionally
managed cotton. The nitrogen lost with water flow from agricultural fields can go to
streams through interflow or it could go to groundwater creating a long-lived plume.
Figure 1.1 shows the conceptual model of nitrogen fate and transport in an agricultural
system.
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Figure 1.1: Conceptual model of nitrogen fate and transport in an agricultural system

The methodology adopted to test the hypothesis is
is,

•

Develop a conceptual model of the hydrological and nitrogen cycle in agricultural
systems and choose a computational model capable of simulating these processes
reasonably

•

Use the model to replicate and simulate cotton and switchgrass at Pee Dee
Research and Education Center at Flor
Florence,
ence, South Carolina and compare nitrogen
loss for the two systems.

•

Use the model to simulate and compare nitrogen loss from switchgrass and cotton
grown at a large scale.

The computational model found appropriate used for this study is the Soil and Water
Assessment Tool (SWAT). SWAT is a basin
basin-scale, continuous-time
time model that operates

4

on a daily time step and is designed to predict the impact of management on water,
sediment, and agricultural chemical yields in ungauged watersheds (Neitsch et al., 2005).
SWAT was used to model cotton and switchgrass at the plot scale and at the watershed
scale and the nitrogen flux due to land-use change from cotton to switchgrass was
studied.

A brief discussion on SWAT and its applications is presented in Chapter 2. Modeling
switchgrass at the plot scale modeling and watershed scale modeling using SWAT are
presented in Chapters 3 and 4, respectively. The conclusions of the study are presented in
Chapter 5.
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CHAPTER TWO
LITERATURE REVIEW

WATER QUALITY IMPACTS OF BIOENERGY

Corn has been used as a feedstock for bio-ethanol in the past. But due to competition with
food and increased concerns of water quality deterioration from increased corn acreage,
there is more interest in cellulosic ethanol. LCA studies on bioenergy have concentrated
mostly on greenhouse emissions and water quality impacts have been neglected. Few
studies have looked at reactive nitrogen loss from agricultural systems to incorporate
nutrient cycling into LCA studies (Miller et al., 2006). Switchgrass has been promoted as
a potential feedstock for cellulosic ethanol. Most of the LCA studies on switchgrass have
concentrated on life cycle greenhouse gas emissions. But very few studies have
concentrated on the water quality aspects of switchgrass when grown as an agriculturally
managed crop. The Chariton Valley Biomass project (Kost et al., undated) and the
Tennessee Valley project (Nyakatawa et al., 2006; Thornton et al., 1997; Green et al.,
1996; Tolbert and Wright, 1998; Tolbert et al., 1998) have looked at water quality aspects
of growing switchgrass at the plot scale. Both the studies point out that during the initial
years of growth there may be significant nutrient and sediment losses from switchgrass
but as the plant matures the losses become negligible. These studies have been discussed
in more detail in Chapter 3. Large scale studies of switchgrass have looked at land-use
change scenarios when one or more conventional crops were converted to switchgrass
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(Nelson et al., 2006; Neppel et al., undated; Gassman et al., 2008; Geza et al., 2004). The
water quality impacts of these land-use scenarios were modeled using robust
computational models like SWAT. All these studies predicted a net benefit in terms of
water quality. These studies have been discusses in more detail in Chapter 4.

In this study, switchgrass was modeled at the plot scale and large scale to study the
nitrogen loss with water flow due to land-use change from cotton to switchgrass. The
study provides life cycle inventory data of nitrogen losses for LCA studies of switchgrass
grown for bioenergy.

SWAT OVERVIEW

The Soil and Water Assessment Tool (SWAT) was developed by the USDA Agricultural
Research Service (ARS). SWAT is a basin-scale, continuous and daily time step model,
designed to predict the impact of agricultural management on water, sediment, and
agricultural chemical yields in watersheds. The model is physically based,
computationally efficient, and has the capability to predict long-term impacts (Gassman
et al., 2007; Neitsch et al., 2005).

In the Soil and Water Assessment Tool (SWAT), a watershed is divided into multiple
sub-watersheds, which are subdivided into Hydrologic Response Units (HRUs). HRUs
consist of homogeneous land use, soil types and slope. Overall hydrologic balance is
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simulated for each HRU, including canopy interception of precipitation, partitioning of
precipitation into surface runoff and infiltration, redistribution soil water content,
evapotranspiration, lateral subsurface flow from the soil profile, and return flow from
shallow aquifers. Surface runoff from HRUs is estimated using the NRCS Curve Number
(CN) method or the Green and Ampt method in SWAT. Three methods are available for
estimating potential evapotranspiration in SWAT. Measured values of evapotranspiration
can also be used for a simulation. Partitioning of recharge to shallow and deep aquifers
below the soil profile is simulated. Water recharging the deep aquifer is assumed lost
from the system (Gassman et al., 2007; Neitsch et al., 2005).

Crop yields and biomass output can be estimated with the crop growth sub-model for a
variety of crop rotations, grassland/pasture systems, and trees. Agricultural management
practices, like planting, tillage, fertilizer and pesticide application, and harvesting can be
simulated for each cropping system with specific dates or with the heat unit theory for
plant growth. Nitrogen and phosphorus applications can be simulated in the form of
inorganic and/or organic fertilizer. Conservation practices like terracing, strip cropping,
contouring, grassed waterways, filter strips, and conservation tillage can be simulated.
Irrigation water on cropland can be simulated from stream, reservoir, shallow aquifer,
deep aquifer, or a water source external to the watershed. Irrigation can be simulated for
specific dates or by using an auto-irrigation routine, which simulates irrigation events
based on water stress threshold (Gassman et al., 2007; Neitsch et al., 2005).
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SWAT can simulate HRU-level and in-stream sediment, nitrogen, phosphorus, pesticides,
and bacteria losses. Sediment yield is calculated with the Modified Universal Soil Loss
Equation (MUSLE). Nutrient cycles consisting of inorganic and organic pools are used in
SWAT to simulate transformation and movement of nitrogen (N) and phosphorus (P)
within an HRU. Losses of both N and P from the soil system in SWAT occur by crop
uptake and with water flow as surface runoff. Simulated losses of N can also occur with
water flow as lateral subsurface flow and percolation below soil profile, and by
volatilization and denitrification to the atmosphere (Gassman et al., 2007; Neitsch et al.,
2005).

Water flows and pollutants are summed from all HRUs to the sub-watershed level and
then routed through the stream system to the watershed outlet. Point sources and urban
areas are also included total flows and pollutant losses from each sub-watershed.
Sediment transport is simulated as a function of peak channel velocity. Channel erosion is
simulated using a channel erodibility factor. In-stream transformations and kinetics of
algae growth, N and P cycling, carbonaceous biological oxygen demand, and dissolved
oxygen are carried out based on routines developed for the QUAL2E model, which is a
river and stream water quality model (Gassman et al., 2007; Neitsch et al., 2005).
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SWAT HYDROLOGY AND WATER QUALITY STUDIES

The most widely used statistics for calibration and validation used in SWAT modeling
studies are regression correlation coefficient (R2) and Nash-Sutcliffe model efficiency
(NSE). The R2 value ranges from 0 to 1and shows how well the simulated values match
the observed values. A value of 0 indicates no correlation while a value of 1 indicates that
the dispersions of the predicted and measured datasets are equal (Gassman et al., 2007).

 

 ∑ 
 ∑  ∑



∑  ∑  
 ∑  ∑



where, Qo = observed flow and Qm = modeled flow

The NSE value ranges from −∞ to 1 and is a measure of how well the simulated data
matches the 1:1 regression line. An NSE value of 1 shows a perfect fit between the
simulated and measured data. The mean of the observed data is considered a better
predictor than the simulated data if the NSE value is 0 or less (Gassman et al., 2007).

  1

∑
∑

where, Qo = observed flow and Qm = modeled flow
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Studies indicate that SWAT is an appropriate tool to simulate hydrology and water
quality. Arnold and Allen (1996) have used SWAT to model the hydrologic balance for
the Goose Creek, Hadley Creek and Panther Creek watersheds in Illinois. The range of R2
values for measured and predicted monthly surface water, groundwater and total flow
were 0.79 to 0.94, 0.38 to 0.51 and 0.63 to 0.95, respectively (Arnold and Allen, 1996).
In another study, Arnold et al. (1999a) used SWAT to simulate the hydrologic balance for
the contiguous USA without calibration for 20 years. Regression of observed and
simulated runoff by state and soil types produced R2 of 0.8 and 0.66, respectively,
showing that large scale hydrologic modeling could be realistically carried out using
SWAT (Arnold et al., 1999a). Arnold et al. (1999b) have used SWAT for streamflow
simulations of the watersheds in the Texas Gulf Basin. The R2 and NSE values of
simulated versus measured streamflow were greater than 0.6 for the majority of the 35
watersheds of the Texas Gulf Basin (Arnold et al. 1999b). The long-term effectiveness of
several best management practices (BMP) for water quality improvement in the West
Fork River Watershed in Texas was studied using SWAT. Calibration for streamflow at
two locations within the watershed had R2 and NSE values of 0.61 and 0.12, respectively,
at one point and 0.81 and 0.72, respectively, at the other point for monthly predicted and
observed streamflow (Santhi et al., 2006). SWAT was evaluated for three coastal
watersheds in Louisiana for flow. The NSE values for monthly predicted and observed
flow were consistently greater than 0.8 (Wu and Xu, 2006). SWAT was used to predict
the hydrologic response of five watersheds in the USA as a part of a study to predict the
environmental benefits of USDA Conservation Effects Assessment Project (CEAP). The
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daily and monthly NSE values for simulated and observed streamflow were mostly
adequate and reasonable (Van Liew et al., 2007).

Bosch et al. (2004) have used SWAT to model a sub-watershed of the Little River in
Georgia using low resolution and high resolution spatial data. The NSE for monthly total
water yields were 0.8 and 0.64 for high spatial resolution and low spatial resolution
datasets, respectively, for a six year period from 1997 to 2002 (Bosch et al., 2004).
Coffey et al. (2004) have used SWAT to simulate streamflow for a 5.5 km2 basin at the
University of Kentucky Animal Research Center. The R2 values for 1995 and 1996
monthly predicted and observed flows were 0.7 and 0.88, respectively, and the NSE
values were 0.41 and 0.61, respectively (Coffey et al., 2004).

Chu and Shirmohammadi (2004) have used SWAT to model a 340 ha watershed in the
Piedmont physiographic region of Maryland to predict surface and subsurface flow for a
six year period. Model calibrations for total flow, surface runoff and baseflow produced
an R2 of 0.69, 0.43 and 0.57, respectively, and an NSE of 0.68, 0.35 and 0.53,
respectively. The validation period R2 values were 0.78, 0.83 and 0.66 for total flow,
surface runoff and baseflow, respectively. The NSE values were 0.78, 0.74 and 0.62,
respectively, showing that SWAT could reasonably predict the hydrology (Chu and
Shirmohammadi, 2004). For the same watershed, yearly simulations of nitrate-nitrogen
strongly correlated with the measured data with an R2 and NSE of 0.96 and 0.90,
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respectively, but the monthly predictions were poor with R2  0.38 and NSE  0.36 (Chu
et al., 2004).

SWAT was used to study water quality effects of alternative management scenarios in the
Bosque River watershed in Texas. The model was calibrated and validated for flow,
sediment and nutrients. Calibration and validation for flow, nutrient and sediment were
conducted at locations along the North Bosque River. Predicted values generally matched
well with the observed values during calibration and validation with R2  0.6 and NSE 
0.5 (Santhi et al., 2001). Saleh et al. (2000), Saleh and Du (2004), Stewart et al. (2006)
and Di Luzio et al. (2002) have also thoroughly evaluated SWAT by comparing
streamflow and nitrogen loss predictions with measured values in the Bosque River
watersheds.

The Walnut Creek watershed in Iowa was modeled using SWAT to evaluate the impacts
of farming practices and land use changes on water discharge and nitrate-nitrogen loads
at the watershed outlet. Calibration for nine year period gave an R2 of 0.73 for monthly
flow and 0.56 for monthly nitrate-nitrogen discharge (Chaplot et al., 2004). Jha et al.,
(2007) have calibrated and validated SWAT for streamflow and nitrate loading for the
Raccoon River Watershed in Iowa. The monthly and yearly R2 and NSE exceeded 0.87
for predicted and observed streamflow. The R2 and NSE for predicted and observed
nitrate loading exceeded 0.73. The calibrated and validated model was then used for an
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assessment of alternate land use and management practice scenarios to study the impact
of water quality (Jha et al., 2007).

SWAT was calibrated with measured monthly streamflow and nitrate data giving NSE
values of 0.76 and 0.44, respectively, for the Moores River watershed in Arkansas (Cotter
et al., 2003). SWAT was used to study the effects of best management practices on
nitrogen loss for two small watersheds in Indiana. The monthly NSE values for
streamflow and total nitrogen were consistently above 0.63 and 0.5, respectively
(Bracmort et al., 2006; Arabi et al., 2006).

The above mentioned studies show that the general consensus in the modeling
community is that an R2> 0.6 and ENS > 0.5 signifies a good model performance. The
site for this study lies in the southeastern coastal plain of South Carolina. Although
SWAT has not been used for South Carolina, few studies have used it for coastal plain
watersheds. Wu and Xu (2007) have evaluated SWAT for coastal plain watersheds in
Louisiana and show that NSE for observed and simulated monthly flows were
consistently greater than 0.8. SWAT has also been thoroughly evaluated to study the
water quality impacts of BMPs in watersheds (Chaplot et al., 2004; Jha et al., 2007;
Cotter et al., 2003; Bracmort et al., 2006; Arabi et al., 2006). These studies show that
SWAT could reasonably predict water quality impacts from agricultural practices and is a
reasonable tool for use in this analysis. The following chapters discuss the use of SWAT
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to study the water quality impacts of land-use change from cotton to switchgrass at the
plot scale and large scale in the southeastern USA.
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CHAPTER THREE
PLOT SCALE MODELING

INTRODUCTION

Switchgrass has been suggested as a crop suitable to be grown as a feedstock for
bioenergy. However, few studies have concentrated on water quality impacts of
switchgrass. Small and large-scale studies are required to determine the water quality
impacts of switchgrass when grown as an agriculturally managed crop and due to landuse change from conventional row crops.

Two studies that have addressed the water quality impacts of switchgrass grown for
bioenergy at the plot scale are the Tennessee Valley Authority project (Nyakatawa et al.,
2006) and the Chariton Valley Biomass project in Iowa (Kost et al., undated). The
Tennessee Valley Authority study was conducted in three regions of the Southeast USA.
The regions had varying soil types, slope and erodibility. Switchgrass was planted at the
Alabama A & M University in Normal, Alabama and the effects of converting row crop
agricultural land to switchgrass on erosion, surface water quantity and quality, and
groundwater quality were studied. At each site, small watersheds of approximately 0.2 to
0.5 ha each were created (Nyakatawa et al., 2006). The study was conducted from 1995
to 1999. During the first year there was a single application of N fertilizer at 67 kg-N/ha.
During the subsequent years N was applied twice at 67-84 kg-N/ha. In 1995 switchgrass
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was harvested once while from 1996 onwards switchgrass was harvested twice every
year. Annual nitrate-nitrogen loss with surface runoff observed at the switchgrass plot
was variable and highly dependent on the runoff volume, with the highest annual loss at 8
kg/ha in the first year of growth (Nyakatawa et al., 2006). Switchgrass exhibited a trend
of higher runoff volume from spring 1995 to spring 1996 compared to cotton, corn, trees
and short rotation woody crops. The high runoff volume from switchgrass may be
attributed to the relatively high rainfall and young switchgrass plant. Total nitratenitrogen loss in runoff from switchgrass in 1995 was approximately 22 kg/ha. The
nitrate-nitrogen loss with surface runoff in spring of 1996 was about 1 kg/ha for the same
fertilization rate. The total nitrate-nitrogen flux in groundwater for the first year of
switchgrass growth was 14.1 kg/ha (Thornton et al., 1997). Variable runoff patterns were
observed at switchgrass plots from May, 1995, to January, 1996, with runoff volumes
ranging from 0.6 to 9.5 m3/ha. The nitrate loss from switchgrass plots in May, 1995, was
0.48 kg/ha and negligible in the subsequent months (Green et al., 1996; Tolbert and
Wright, 1998). Water runoff fraction from switchgrass plots compared to other crops was
among the highest during the first year of growth in 1995 (Tolbert et al., 1998).

The Chariton Valley Biomass project in Iowa consisted of studying six replicate plots
each having three treatments – newly planted switchgrass following soybeans,
established mature switchgrass of thirteen years, and no-till corn following soybeans.
Nitrogen was applied to all the plots but phosphorus application was limited to no-till
corn. The results of the study indicated that sediment and nitrate+nitrite loss from no-till
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corn was the highest, followed by newly planted switchgrass and mature switchgrass.
However, the total Kjheldahl nitrogen (TKN) from mature switchgrass was very high as
compared to newly planted switchgrass and no-till corn, which shows that significant
organic nitrogen losses occurred from mature switchgrass plots (Kost et al., undated).
The previous plot scale experimental studies suggest that nitrogen loss from switchgrass
in the first year of growth may be significantly high but as the plant matures, the losses
are significantly low in the subsequent years. Green et al. (1996) report first year, the
biomass accumulation observed was very low at 4446 kg/ha. This was considered as the
primary reason for a high runoff volume due to decreased transpiration demand
associated with low biomass production (Green et al., 1996). A low biomass growth
implies a low nitrogen uptake and hence, more nitrogen available in the soil for loss.
Thus, when modeling for switchgrass is conducted it is necessary that the initial years of
growth are appropriately simulated to reflect a low biomass accumulation.

To avoid competition with food crops, feedstock for biofuels may generally be expected
not to be grown on traditional croplands (Lemus, 2004). However, traditional croplands
growing cash crops like cotton and tobacco may be ideal for growing energy crops.
Cotton is a cash crop grown extensively in South Carolina. But due to international
competition, cotton plantations have suffered economic losses. Thus, farms growing
cotton are possible candidates for growing switchgrass as a potential cash crop. However,
the environmental impact of the land-use change from cotton to switchgrass has to be
studied before promoting switchgrass. In this study, switchgrass was modeled using the
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Soil and Water Assessment Tool (SWAT) at a plot scale and the water quality impacts
compared with that of cotton. Nitrogen was the water quality parameter of interest. Both
young and mature switchgrass were modeled. The first two years were modeled as young
switchgrass and the remaining as mature switchgrass because as observed in the plot
scale experimental studies, nitrogen loss from young switchgrass may be significantly
high (Nyakatawa et al., 2006).

This study consisted of modeling farm scale plots growing switchgrass at Pee Dee
Research and Educational Center (REC). The Pee Dee REC is situated in Florence and
Darlington counties in South Carolina and is used for agricultural research. The fields
were used to grow conventional row crops like cotton and corn in the past and served
ideally for comparing the water quality impacts of cotton and switchgrass on a plot scale
before moving to watershed-scale predictions. Traditionally SWAT has been calibrated
for water quantity and quality (Gassman et al., 2007). However, due to the absence of
such data at the plot scale, the model was calibrated to match cotton and switchgrass
yields. SWAT has been used in the past to simulate crop yields and has performed
reasonably (David et al., 2009; Luo et al., 2008).

The study field was under a corn-cotton rotation study from 1999 to 2005. The field was
under conventional row crop agriculture consisting of crops other than cotton or corn in
2006. Switchgrass was planted in 2007. Surface water runoff data for cotton were

27

available only for the year 2000. Thus, rigorous calibration for hydrology was not
possible.

The plot scale model was first used to simulate cotton from 1985 to 2008. The model was
calibrated to match lint yield observed for cotton variety trials conducted at Pee Dee REC
from 1998 to 2008. Sensitivity and variability analyses were conducted to determine
optimum values of plant growth parameters that predicted observed yields reasonably.
The model calibrated for cotton yields, was then used to model switchgrass.

Switchgrass was modeled in 2007 and 2008 following continuous cotton from 1985 to
2006. Continuous cotton was simulated to represent a typical agricultural land under
conventional row crops in this region. SWAT was calibrated to measured on-site
switchgrass yields in 2008. The calibration methodology was similar to that adopted for
cotton, consisting of a sensitivity analysis followed by a variability analysis to determine
the optimum values of the parameters. To compare the water quality impacts of
switchgrass and cotton on a long term, switchgrass was modeled with average values of
plant growth parameters. Thus, simulations were carried out for cotton from 1985 to 2006
followed by switchgrass from 2007 to 2021 but switchgrass was modeled using a range
of average values of plant growth parameters to represent long term conditions. Nitrogen
loss with water flow predicted by SWAT for cotton and switchgrass was analyzed and
compared to determine the water quality impacts of switchgrass due to land-use change
from cotton.
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METHODS

Crop Growth Algorithms in SWAT

The heat unit theory states that plants have heat requirements that govern the growth and
time to maturity. Growth will take place in a plant only if a minimum base temperature is
reached. Thus, during the growing season the only portion of the mean daily temperature
exceeding the base temperature contributes towards the growth of the plant. The total
number of heat units required for a crop to mature can be calculated from the planting
date, maturity date, base temperature and mean daily temperatures. Each degree of the
daily mean temperature above the base temperature is one heat unit. This method
assumes that the rate of growth is directly proportional to the increase in temperature
(Neitsch et al., 2005).

Plant growth in SWAT is modeled by simulating leaf area index, light interception and
conversion of intercepted light into biomass based upon radiation use efficiency (Neitsch
et al., 2005). In SWAT, the amount of daily solar radiation intercepted by the leaf of the
plant is calculated using Beer’s law (Neitsch et al., 2005),

Hp = 0.5 *Hday*(1-exp (-kl*LAI)))
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where, Hp = intercepted photosynthetically active radiation on a given day, Hday =
incident total solar radiation on a given day, kl = light extinction co-efficient, LAI = leaf
area index

The maximum increase in biomass (∆bio) on a given day resulting from the intercepted
photosynthetically active radiation is estimated as (Neitsch et al., 2005),

∆bio = RUE *Hp

where, RUE = radiation use efficiency and is determined from the slope of the regression
line between dry matter and cumulative intercepted photosynthetically active radiation
(Kiniry et al., 1999).

When a harvest operation is simulated in SWAT, the model removes a fraction of
aboveground biomass which is given by the harvest index (HI). The daily HI calculated
by SWAT is a function of the fraction of heat units accumulated, evapotranspiration and
maximum HI. The HI is never allowed to fall below a specified minimum value. The user
also has an option to use a fixed HI.

Daily plant nitrogen uptake simulated by SWAT is a function of the accumulated
biomass as shown below. The optimal mass of nitrogen stored in plant material for the
current growth stage is given by (Neitsch et al., 2005),
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where, ! = optimal fraction of nitrogen in the plant biomass for the current growth
stage and is a function of nitrogen in plant biomass at emergence, nitrogen in plant
biomass at maturity and fraction of potential heat units, and  = total plant biomass on
a given day.

The potential nitrogen uptake is given by (Neitsch et al., 2005),

#  min'(,

 ), 4. !,+ . ∆ -

where,  is the actual mass of nitrogen stored in the plant material, !,+ is the normal
fraction of nitrogen in plant biomass at maturity, and ∆ is the potential increase in
total plant biomass on a given day.

In SWAT, nitrogen removed from the soil by plants is taken from the nitrate pool
(Neitsch et al., 2005). Thus, the amount of nitrate left in the soil is available for loss to
the environment with water flow and is governed by the plant biomass growth and
nitrogen uptake.
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Cotton and Switchgrass Yield Simulations

A seven year corn-cotton rotation study was initiated at the Pee Dee REC with corn being
planted in 1999 followed by cotton in 2000. The same rotation sequence was followed
from 2001 to 2005. The plot sizes were 0.125 acres each, set up on the experimental field
shown in Figure 3.1.

Figure 3.1: Agricultural research field at Pee Dee REC
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Runoff water quality data for cotton was only available for the year 2000. Due to
technical difficulties on-site, data for the years 2002 and 2004 were not available. Thus
rigorous calibration for water quality was not possible for cotton. Nitrate in surface runoff
predicted by the plot scale model was compared to the observed values during the 2000
cotton growing season.

Cotton lint yield data in 2000 was available from the corn-cotton rotation study. The
average lint yield observed for cotton under conventional management practices was 530
lbs/ac. However, the data were not sufficient to calibrate the plot scale model for yield.
Thus, lint yield data from cotton variety trials conducted at the Pee Dee REC from 1998
to 2008 was used for cotton yield calibrations. The management practices adopted for
cotton are shown in Table 3.1.

Table 3.1: Management practices for cotton
Practice

Time of application

Disk tillage

April 15

Deep tillage with sub-soiler

April 30

Planting of cotton

May 1

N-fertilizer application at 45 kg/ha

May 2

N-fertilizer application at 45 kg/ha

June 15

Cotton harvest with picker

October 15
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Switchgrass test plots were set up at the same experimental field in 2007. The field was
tilled and switchgrass seeds were broadcast. Fertilizer was not added in 2007 and harvest
operations were performed only in 2008. However, the field was mowed once in July,
2007, at 6” high and once in August, 2007 at 8” high to remove invasive plant species.
The test plots were 10-25’ x 20’ and replicates were set up for different nitrogen
fertilization rate, cutting frequency and soil types. The study was carried out for
fertilization rates of 0, 30, 60, 90 and 120 kg-N/ha. Depending upon yearly harvest
frequency switchgrass was regarded as a one-cut or a two-cut system. The one-cut system
consisted of harvesting switchgrass only once during the year on November 21, 2008.
The two-cut system consisted of harvesting switchgrass twice a year on July 21, 2008,
and November 21, 2008. The test plots were set up on Bonneau, Norfolk and Rains soil
types. Biomass harvested from the test plots was measured.

A plot scale model was established to simulate cotton from 1995 to 2006 followed by
young switchgrass in 2007 and 2008. The model was calibrated to the switchgrass yields
observed on-site in 2008. A different set of simulations were carried out for cotton from
1985 to 2006 followed by switchgrass from 2007 to 2021 but switchgrass was modeled
with a range of average values for growth parameters reported in the literature to
represent long term conditions.

Daily precipitation and temperature data obtained from the NOAA Florence weather
station (co-operative ID – 383106) were used for the simulations from 1985 to 2008. For
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the forecast period from 2009 to 2021, daily values for weather in SWAT were generated
from average monthly values. A forecast file was created which was used to simulate
weather data from 2009 to 2021. The file consisted of monthly averages of weather
parameters from 1985 to 2008 recorded at the NOAA Florence weather station. A set of
weather data is generated for each subbasin independently and there is no spatial
correlation of generated values between different subbasins (Neitsch et al., 2005).

Sensitivity and Variability Analysis

A sensitivity analysis was carried out to determine the degree of influence of a one-at-atime perturbation of a parameter on biomass growth. A variability analysis was then
performed by varying all the parameters at the same time to determine the parameter
dataset which predicted yields reasonably.

Heat units to maturity (HU), radiation use efficiency (RUE), maximum leaf area index
(LAI), light extinction coefficient (k) and harvest index (HI) are the parameters that
govern total biomass and yield, as evident from the discussion on crop growth algorithms
in SWAT. However, the degree of influence of a parameter on yield was not known and
could only be determined by carrying out a sensitivity analysis. Table 3.2 shows the
range of values of the parameters for cotton and switchgrass as provided in the literature.
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COTTON

Table 3.2: Parameter range for cotton and switchgrass
Parameter

Range

References

Radiation use efficiency (MJ m-2)

10 – 20

Rosenthal and Gerik, 1991

Maximum leaf area index

SWITCHGRASS

Light extinction coefficient

2–6

Rosenthal and Gerik, 1991

0.5 – 0.8

Rosenthal and Gerik, 1991

Parameter

Range

References

Radiation use efficiency (MJ m-2)

13 - 58

Kiniry et al. 1996, 1999, 2007

Maximum leaf are index

3 - 12

Kiniry et al. 1996, 1999, 2007

0.33 – 1.05

Kiniry et al. 1996, 1999, 2007

Light extinction coefficient

The sensitivity analysis consisted of a one-at-a-time perturbation in which the value of
one parameter was changed over its range of published values while keeping the others at
their mean values. A MATLAB program was written to generate random values for the
parameter within its given range assuming a uniform distribution, write the values in the
input files of SWAT and run SWAT. One hundred iterations of the process were
performed for each parameter. Sensitivity plots were then constructed for both cotton and
switchgrass to determine the degree of influence that a parameter exercised on the
biomass yield.

Although a sensitivity analysis revealed the degree of influence of the parameters on the
yield, a variability analysis was necessary for both cotton and switchgrass to develop
parameter datasets which simulated yields reasonably. The simulated yields were deemed
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reasonable depending upon the mean and coefficient of determination of measured and
simulated yields. The variability analysis consisted of changing the plant parameters over
their suggested range at the same time with a Monte Carlo analysis. A MATLAB
program was written to generate random values of the parameters in their respective
ranges, replace the values in the input files and run SWAT. One thousand iterations of the
process were performed. The observed yield sample sizes were too small to carry out any
detailed statistical analysis. For cotton only 11 years of yield data were available and for
switchgrass, yield data were available for only five different fertilization rates.

Nitrogen Dynamics

Nitrogen is added to the system (Figure 3.2) through atmospheric deposition and
anthropogenic addition as fertilizers. Atmospheric nitrogen deposition data for the area
was collected from the National Atmospheric Deposition Program (NADP). The long
term average concentration of nitrogen in rainfall for the region is 0.268 mg/L
(http://nadp.sws.uiuc.edu/sites/siteinfo.asp?net=NTN&id=SC06). Nitrogen fertilization
rate for both cotton and switchgrass were known. Percentage soil nitrogen was measured
in soil cores collected on-site before and after one year of establishment of switchgrass.
The measured values of percentage soil nitrogen were compared to that simulated by
SWAT. Figure 3.3 shows the different soil nitrogen pools modeled by SWAT.
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Figure 3.2: Nitrogen cycle modeled by SWAT (Neitsch et al., 2005)

Figure 3.3: Soil nitrogen pools modeled by SWAT (Santhi et al., 2001)
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The nitrogen loss with water flow modeled by SWAT consists of nitrate loss in surface
runoff, organic nitrogen loss in surface runoff, nitrate loss in lateral flow, nitrate leached,
lea
and nitrate loss to streamflow with baseflow. The total nitrogen loss is the sum of nitrate
and organic nitrogen loss in surface runoff, nitrate loss in lateral flow and nitrate leached.
The equations used in SWAT to model these various forms of nitr
nitrogen
ogen loss are dependent
upon the soil nitrogen in the different pools and hydrology. The hydrology component of
SWAT (Figure 3.4) could not be calibrated at the plot scale due to the lack of
experimental data. However, the model was calibrated for hydrolog
hydrology
y at the watershed
scale as explained in detail in Chapter 4.

Figure 3.4:: The hydrological cycle as modeled by SWAT
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RESULTS AND DISCUSSION

Percentage Soil Nitrogen

Total Combustible Nitrogen (TCN) was measured on-site in soil cores collected from the
plots up to 90 cm depth before and after the establishment of switchgrass for all the three
soil types. Theoretically, it represents all N (except NH4) forms in soil that are
combustible within the parameters of the run (4-5 min at 550 to 700 oC) (Personal
communication with Dr. Jeff Novak, USDA ARS, Florence, South Carolina). Table 3.4
shows the measured and SWAT simulated percentage soil nitrogen before switchgrass
was planted and one year after switchgrass was planted. Only average values of nitrogen
in the entire soil profile could be determined from SWAT simulations. The two major
components of the nitrogen pool are nitrate-nitrogen and organic nitrogen. In SWAT, the
nitrate-nitrogen falls exponentially with the soil depth. Organic nitrogen is a direct
function of the amount of organic carbon. The bulk of the organic carbon is concentrated
in the upper soil layer (Neitsch et al., 2005).

Both the observed and simulated values (Table 3.3) suggest that the amount of nitrogen
in soil remains almost the same with time, which is in agreement with Payraudeau et al.
(2007) who suggest that the organic nitrogen pool of soil remains constant provided that
the land cover does not change significantly from year to year.
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Table 3.3: Measured and Simulated % TCN
Measured (% TCN)
Soil type

(mean . standard deviation)

SWAT (% TCN)

Before

After

Before

After

Bonneau

0.04 . 0.01

0.03 . 0.01

0.02

0.02

Norfolk

0.05 . 0.01

0.04 . 0.01

0.02

0.02

Rains

0.06 . 0.01

0.04 . 0.01

0.04

0.04

Sensitivity and Variability Analysis

The sensitivity chart in Figure 3.5 shows the change in yield with change in parameter
value. The y-axis represents the percentage change in yield from its mean value and the
x-axis represents the parameter value normalized over its entire range. The mean yield is
the yield simulated by SWAT when all the parameters are kept at their mean value. The
higher the slope of the regression line between the yield and the parameter, the more
sensitive is the yield to the parameter. The slope of the regression lines signify the
percentage change in yield from its mean value expected for every unit percent change in
the parameter value. A non-linear regression line signifies that the change in yield
observed for every unit change in parameter value does not remain constant throughout
the parameter range.
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Cotton yields showed a positive linear response to changes in RUE, LAI, k, HImax,
HImin and a negative linear response to changes in HU. The yield was non-linearly
related to the fertilization rate. Other than the fertilization rate, the sensitivity of cotton
yield to a certain parameter was determined from the slope of the linear regression lines.
Thus, for the fertilization rate the range was broken down into three linear segments and
regression fits were produced separately for each segment (Table 3.4).

Table 3.4: Sensitivity of cotton yield to crop parameters
Parameter

RUE

LAI

k

HImax

HImin

fert

HU

Slope

0.575

0.295

0.148

0.977

0.007

0.661,0.161,0.017

-0.621

Practically HI is almost constant because during a harvest operation almost a fixed
fraction of the biomass is removed. Thus, HImax and Himin were not changed
significantly from their default values. The fertilization rate adopted for cotton in this
region is approximately 80 lbs-N/ac. Thus, the parameters which were varied over their
entire range were HU, RUE and LAI.
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Figure 3.5: Sensitivity analysis of cotton yield
RUE = radiation use efficiency, LAI = maximum leaf area index, k = light extinction
coefficient, HImax = maximum harvest index, HImin = minimum harvest index, fert =
nitrogen fertilization rate, HU = heat units to maturity

The methods for the analysis for switchgrass were similar to those used for cotton, except
both HImax and HImin for switchgrass were kept fixed at 0.9. The HI was fixed for
switchgrass because during harvest most of the aboveground biomass is removed leaving
only a fixed small fraction standing. The sensitivity analysis of switchgrass (Table 3.5)
shows that the yield bears a positive linear relationship with RUE, LAI and k, but has a
positive non-linear relationship with HU and N-fertilization rate.
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Table 3.5: Sensitivity of switchgrass yield to crop parameters
Parameter

RUE

LAI

k

fert

HU

Slope

0.347

0.09

0.592

2.207, 0.836, 0.189

0.2,-0.499

The sensitivity plot (Figure 3.6) shows that the yield increases with an increase in the
value of HU but the yield decreases with an increase in the value of HU after a certain
point. This has been observed with the ALMANAC model for plant growth which also
uses the heat unit theory (Kiniry et al., 1999).
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Figure 3.6: Sensitivity analysis of switchgrass yield
HU = heat units to maturity, LAI = maximum leaf area index, RUE = radiation use
efficiency, k = light extinction coefficient, fert = nitrogen fertilization rate

Cotton and Switchgrass Yield Simulations

Figure 3.7 shows the measured and simulated cotton lint yields. The mean simulated
yield over the 11 year period was 970.168 lbs/acre as compared to a measured yield of
929.379 lbs/acre. A regression analysis showed that the model could capture 45% of the
variability in the yield observed at Pee Dee REC. Kiniry et al. (2005) have modeled
switchgrass yields using the ALMANAC model, which uses the same heat unit theory
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used in SWAT. They report that the model could capture 47% of the variability in the
observed yield and the mean simulated yield was close to the measured yield. Ideally the
regression line should have a slope of 1 and have a zero intercept. A positive intercept
and a slope less than 1 suggests that the model under-predicts when the measured yields
are high (Sadler et al., 2007).
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Figure 3.7: Scatter plot of simulated cotton lint yield versus measured yield

The measured yields in 2004, 2005 and 2008 were unusually high. The high yields
observed were due to ideal temperatures and rainfall during the growing season. SWAT
failed to capture this because the plant growth parameters in SWAT cannot be changed
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from one year to another during the simulation period. Weather has a strong influence on
parameters like RUE and LAI as observed in a three year field study conducted for
switchgrass (Kiniry et al., 1999). If the unusually high yields observed on site were
removed, the regression line had a slope close to 1 as shown in Figure 3.8. The model
was then able to capture 57% of the variability in observed yields.
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Figure 3.8: Simulated versus observed cotton yield with very high observed yields
removed

Mullins and Burmester (1990) have reported an average annual nitrogen uptake of 138
kg/ha for cotton grown in the southeastern USA and total dry matter production of 7448
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kg/ha. Thus, the percentage of nitrogen in plant biomass for cotton is approximately
1.85%. Figure 3.9 shows the annual plant nitrogen uptake and total nitrogen loss from
1998 to 2008 as simulated by SWAT. The mean value of simulated nitrogen uptake by
cotton from 1998 to 2008 was 185 . 23 kg/ha with a mean annual dry matter production
of 11904 . 1405 kg/ha. Nitrogen uptake expressed as a percentage of plant biomass as
simulated by SWAT was 1.55%. Thus, it was assumed that the model predictions for
nitrogen uptake by cotton were close to the measured values.
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Figure 3.9: Simulated nitrogen uptake and nitrogen loss from cotton fields from 19982008
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The model could also simulate switchgrass yields close to the yields observed at Pee Dee
REC. Figures 3.10 and 3.11 show the correlation scatter plot of simulated versus
observed switchgrass yields for one-cut and two-cut systems, respectively. The mean
measured yield for switchgrass were 2.87. 0.26 dt/ac and 4.19.0.91 dt/ac for one-cut
and two-cut systems, respectively. The yields simulated by SWAT were 2.95.0.55 dt/ac
and 3.95.0.75 dt/ac for one-cut and two-cut systems, respectively.

A simple linear regression between observed and simulated values shows that the model
was able to capture 72% and 95% of the variability in yield for one-cut and two-cut
switchgrass systems, respectively. For both one-cut and two-cut systems the regression
lines had slopes close to 1 suggesting that the modeled yields were close to the observed
yields. A more rigorous statistical analysis was not possible on account of few data
points. However, SWAT was still reasonably able to predict the preliminary yield data
observed on-site.
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Figure 3.10: Correlation scatter plot of SWAT simulated yield v/s measured yield for
one-cut switchgrass
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Figure 3.11: Correlation scatter plot of SWAT simulated yield v/s measured yield for
two-cut switchgrass

From the calibrations, it appears that SWAT was able to predict reasonably both cotton
and switchgrass yields, and percentage of nitrogen in the soil before and one year after
the establishment of switchgrass. Thus, it was assumed the plant uptake component of the
nitrogen cycle and percentage of nitrogen in soil as modeled by SWAT was acceptable.
Since SWAT could reasonably simulate the nitrogen cycle, and the hydrology parameters
used at the plot scale were determined from calibrations at the watershed scale, it was
assumed that nitrogen loss with water flow simulated by SWAT were reasonable.
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Cotton and Switchgrass Nitrogen Loss

Cotton nitrogen loss

A set of simulations were carried out from 1985 to 2021 to simulate continuous cotton on
the same plots which presently are growing switchgrass. Simulations were carried out for
the three different soil types (Bonneau, Norfolk and Rains) so that nitrogen loss from
cotton could be compared with switchgrass. The long term average annual loss from
cotton simulated by SWAT from 2007 to 2021 was 15 / 8 kg/ha, for an annual
fertilization rate of 80 lbs-N/ac.

Nitrogen loss from switchgrass in its second year of growth

The nitrogen losses predicted by SWAT for one-cut and two-cut switchgrass systems in
the second year of their growth are shown in Figures 3.12 and 3.13, respectively. The
nitrogen loss as simulated by SWAT could be modeled by a third order polynomial. The
nitrogen fertilization rate was extended to about 200 kg/ha because such high fertilization
rates for switchgrass have been reported in the literature. For a one-cut system, the
nitrogen loss exceeds that from a cotton system when the fertilization rate is greater than
90 lbs-N/ac. For a two cut system, the nitrogen loss from switchgrass only starts
becoming comparable to cotton when the fertilization rate reaches 120 lbs-N/ac. The
relatively high levels of nitrogen loss may be attributed to the low biomass accumulation
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by young switchgrass and hence, a low nitrogen uptake. The low nitrogen uptake may be
due to one or both of the following,
(1) The switchgrass is young and has not realized its full growth potential. Switchgrass
achieves its full growth potential in 2-3 years after establishment (Personal
communication with Dr. Jim Frederick, Professor, Clemson University, South Carolina).
(2) Drought conditions can significantly reduce the potential growth of switchgrass
(Kiniry et al., 1999). In the year 2007, the total precipitation was approximately 21 % less
than the average rainfall and may be a reason for the low yields.
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Figure 3.12: Nitrogen loss from one-cut switchgrass in second year of growth.
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The shaded region between the dotted lines represents the mean / 90%
confidence interval of average annual total nitrogen loss from cotton fertilized at 80 lbsN/ac.
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Figure 3.13: Nitrogen loss from two-cut switchgrass in second year of growth.
The shaded region between the dotted lines represents the mean / 90% confidence
interval of average annual total nitrogen loss from cotton fertilized at 80 lbs-N/ac.

The fertilizer application rate of 60 lbs-N/ac is expected for switchgrass because field
trials conducted at Pee Dee REC suggest that yield starts to level-off at this fertilization
rate. This would result in approximately 7.5 kg/ha and 4.9 kg/ha of nitrogen loss from
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one-cut and two-cut switchgrass systems respectively. The long term average annual
nitrogen loss simulated by SWAT for cotton fertilized at 80 lbs-N/ac was 15 kg/ha.
Nitrogen losses from one-cut and two-cut switchgrass systems were approximately 50%
and 67% less than that from cotton fertilized at 80 lbs-N/ac. If switchgrass was fertilized
at 80 lbs-N/ac, the expected nitrogen loss would be 10 kg/ha and 7 kg/ha for one-cut and
two-cut switchgrass systems respectively. Thus, even if the nitrogen fertilization rate for
switchgrass was kept at the same level as cotton, the nitrogen loss would be
approximately 34% and 52% less than that from cotton for one-cut and two-cut systems
respectively. This suggests that although young switchgrass has low nitrogen uptake
compared to mature switchgrass, it is higher than cotton.

Long term average annual nitrogen loss from switchgrass

In 2009, the switchgrass on-site at Pee Dee REC will be in its third year of growth and
hence, expected to realize full growth potential. Provided that drought conditions do not
persist, it may be assumed that the parameters governing plant growth will attain values
which are close to the average reported in the literature (Kiniry et al., 1999). Ideally
simulations with average values of plant parameters for switchgrass should have been
carried out from 2009 following young switchgrass. Since SWAT does not allow changes
in the plant growth parameter values from year to another, switchgrass was modeled from
2007 to 2021 with a range of average values for growth parameters to represent long term
conditions. The range of plant parameters (HU, k, LAI and RUE) used for switchgrass
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simulations are given in Table 3.6. Both one-cut and two-cut systems were simulated for
each of the three soil types for the five different nitrogen fertilization rates (0, 30, 60, 90
and 120 lbs-N/ac) adopted in the field.

Table 3.6: Range of switchgrass plant growth parameters used to model long-term
switchgrass
Parameter
HU
k
LAI
RUE

Range
2100 – 2500
0.48 – 0.9
5 – 10
40 – 60

For both the one-cut and two-cut systems, the nitrogen loss could be expressed a function
of the nitrogen fertilization rate as shown in Figures 3.14 and 3.15, respectively. The long
term average annual nitrogen loss from switchgrass for a fertilization rate of 60 lbs-N/ac
was approximately 1.9 kg/ha for one-cut and 1.2 kg/ha for two-cut systems. The long
term average annual nitrogen loss simulated by SWAT for cotton fertilized at 80 lbs-N/ac
was 15 kg/ha. The nitrogen loss as simulated for switchgrass were 87% and 92% less
from one-cut and two-cut systems, respectively, when compared to cotton fertilized at 80
lbs-N/ac. If the fertilization rate for switchgrass was 80 lbs-N/ac, the nitrogen loss would
be 2.8 kg/ha and 1.7 kg/ha for one-cut and two-cut systems, respectively. The nitrogen
loss would be 81% and 89% less than that from cotton for one-cut and two-cut
switchgrass systems, respectively, even if switchgrass was fertilized at the same rate as
cotton.
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Figure 3.14: Average annual nitrogen loss from one-cut mature switchgrass.
The shaded region between the dotted lines represents the mean . 90% confidence
interval of average annual nitrogen loss from cotton fertilized at 80 lbs-N/ac. The error
bars on nitrogen loss from switchgrass represent mean . 90% confidence interval of
nitrogen loss from switchgrass. The error bars are present due to a range of plant
parameters used for the switchgrass simulations and weather variability from 2009 –
2021.
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Figure 3.15: Average annual nitrogen loss from two-cut mature switchgrass.
The region between the dotted lines represents the mean . 90% confidence interval of
average annual nitrogen loss from cotton fertilized at 80 lbs-N/ac. The error bars on
nitrogen loss from switchgrass represent mean . 90% confidence interval of nitrogen
loss from switchgrass. The error bars are present due to a range of plant parameters used
for the switchgrass simulations and weather variability from 2009 – 2021.

From the plot scale modeling exercise, it is clear that switchgrass outperforms cotton in
terms of nitrogen loss with water flow. The modeling study also shows that nitrogen lost
is a function of nitrogen fertilization rate. As the nitrogen fertilization rate increases the
nitrogen loss also increases. The nitrogen loss for both young and mature switchgrass
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could be modeled using third order polynomial equations with nitrogen fertilization rate
as the independent variable. For young switchgrass, the nitrogen loss from one-cut and
two-cut systems became comparable to cotton at fertilization rates of 90 and 120 lbs-N/ac
respectively. Mature switchgrass systems showed nitrogen losses much lower than that
from cotton. The study also shows that nitrogen loss from switchgrass systems is highly
dependent upon the plant growth. A low biomass growth implies a low nitrogen uptake
and hence, more nitrogen available for loss with water flows. This is evident in the initial
years of switchgrass when the nitrogen loss is higher than that from mature switchgrass
systems. Over the lifetime of switchgrass, the total nitrogen loss expected for an average
fertilization rate of 60 lbs-N/ac are 32.2 kg/ha and 20.5 kg/ha for one-cut and two-cut
switchgrass systems respectively, compared to 204 kg/ha from cotton fertilized at 80 lbsN/ac. This represents a net gain in nitrogen by 84% and 90% for one-cut and two-cut
switchgrass systems respectively over a 14 year period.

For switchgrass in its second year of growth a fixed dataset was used for growth
parameters and weather conditions for 2008 were known. However, for mature
switchgrass a range of average values for growth parameters were used and simulations
were carried out for a 13 year period from 2009 to 2021. Thus, there is an uncertainty in
nitrogen loss from switchgrass due to parameter and weather variability. There is
practically no uncertainty in nitrogen loss associated with fertilization rates below 60 lbsN/ac as shown in Figures 3.14 and 3.15. However, as the fertilization rate is increased
beyond 60 lbs-N/ac, the uncertainty in nitrogen loss becomes more important.
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CHAPTER FOUR
WATERSHED SCALE MODELING

INTRODUCTION

A watershed level modeling study was necessary to see if the results arrived at the plot
scale translates in a similar manner when applied to a real watershed with more
heterogeneities in terms of topography and land use. A bioenergy infrastructure would
require dedicating large areas of land to growing feedstock for ethanol. Since the primary
focus of the project was to look at nitrogen loss with water flow for switchgrass and
compare it to cotton, a watershed having a good acreage of cotton was chosen for the
large scale study.

The large scale study consisted of modeling switchgrass on agricultural fields growing
cotton in the Black Creek watershed. Almost 50% of the watershed is agricultural land
growing cotton. The watershed was calibrated for annual and monthly total flow, surface
runoff and baseflow at the watershed outlet. Calibration for hydrology ensured that the
model reasonably simulated the water balance. The calibrated model was then used to
simulate a continuous cotton scenario from 1995 to 2021. A separate set of simulations
were then carried out which consisted of growing cotton from 1995 to 2006 followed by
switchgrass from 2007 to 2021 on all the fields that were growing cotton. One-cut and
two-cut switchgrass systems were simulated for nitrogen fertilization rates of 0, 30, 60,
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90 and 120 lbs/ac. The plant growth parameters were kept at values determined from the
plot scale study. The nitrogen loss with water flow simulated by SWAT for switchgrass
and cotton were analyzed and compared.

SWAT has been extensively calibrated and validated for hydrology and water quality at
the watershed scale, and has been especially effective in predicting nutrient losses
(Gassman et al., 2007). An overview of SWAT and its application in watershed studies
were discussed in detail in Chapter 2.

A few studies have used SWAT to model the water quality impacts of switchgrass at a
large scale. SWAT was used to model the Delaware basin in northeast Kansas to predict
the water quality improvements associated with growing switchgrass on all existing
cropland growing corn, soybean, wheat and grain sorghum. SWAT predicted reduction in
NO3-N in surface runoff varying from 65 to 16 % for five different nitrogen fertilization
rates ranging from 0 to 224 kg/ha (Nelson et al., 2006). SWAT was used to simulate
switchgrass on all agricultural land growing corn and soybean in the Rathbun Lake
watershed in Iowa to study the effects of switchgrass on runoff water quality. SWAT
predicted reduction in soluble nitrogen and sediment yield by 55% and 39%, respectively
(Neppel et al., undated).

Babcock et al. (2007) have modeled the Maquoketa River watershed in Iowa using
SWAT. Simulating switchgrass on the entire the watershed produced the lowest total
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nitrogen and nitrate-nitrogen at the watershed outlet compared to other scenarios growing
continuous corn, and a mix of corn and switchgrass. Gassman et al. (2008) have modeled
the Boone River watershed in Iowa for various scenarios in which perennial grasses like
switchgrass were simulated on fields currently under corn using SWAT. The reduction in
nitrate loss predicted by SWAT ranged between 3% and 26% relative to the baseline
scenario. Geza et al. (2004) have modeled the Fort Cobb basin in Oklahoma using SWAT
for land use scenarios in which conventional cropland growing peanuts were replaced
with switchgrass. The study suggests that growing switchgrass is both economically
feasible and environmentally favorable for water quality and soil conservation when
compared to conversion of the croplands to conservation reserve program (CRP) and
minimum tillage wheat.

METHODS

The Black Creek Watershed

The Black Creek watershed located in the Pee Dee basin was chosen for large scale
modeling. The Black Creek Watershed extends through Darlington, Florence, and
Chesterfield counties of South Carolina. The watershed encompasses more than 50% of
the cotton growing farms in Darlington County. This watershed was chosen for the study
because it has a high acreage of cotton, lies in the same river basin as the Pee Dee REC
(where the plot-scale study took place) and is located in the I-95 corridor.
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The watershed consists primarily of the Black Creek and its tributaries extending from
the Lake Robinson dam to the Pee Dee River. The watershed occupies approximately
75,643 ha of the Sandhills and Upper Coastal Plain region of South Carolina (SCDHEC,
2007). The predominant soil types consist of an association of the Nobocco-BonneauAlpin series. The average slope of the terrain is 4% with a range of 0-15%. The landuse/land cover of the watershed consists of 42.8% agricultural land, 31.4% forested land,
13.1% scrub/shrub land, 8.5% urban land, 3.6% forested wetland (swamp), and 0.6%
water (SCDHEC, 2007).

Two water quality stations PD-025 and PD-141 (Figure 4.1), within the watershed report
significantly increasing trends in total nitrogen levels (SCDHEC, 2007). The stations are
located on sections of the stream drained by areas comprised primarily of agricultural
land under cotton cultivation and hence, are suggestive of nutrient losses from cotton.
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Figure 4.1: Black Creek watershed show
showing
ing water quality stations reporting increasing
levels of nitrogen (SCDHEC, 2007)

The Black Creek watershed is an important recharge zone for Black Creek aquifer and
Middendorf aquifer (Figure 4.2), which are large regional scale aquifers. These aquifers
serve as sources of drinking water in the region. Large scale agricultural land-use
land
change
from cotton to switchgrass may impact the groundwater quality due to changes in water
recharge and nitrogen flux entering these aquifers.
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Figure 4.2: Generalized hydrologic section of aquifers in the region of study (SCDHEC,
2003)

The ArcSWAT interface (Olivera et al., 2006) was used to carry out simulations for the
Black Creek Watershed. The spatial datasets required by the ArcSWAT interface were
digital elevation model (DEM), land use/land cover and soil (Winchell et al., 2007). A
United States Geological Survey 30 m DEM for the watershed was used for the model.
The land use/land cover dataset was acquired from the 2001 National Land Cover
Database of the USGS (http://www.mrlc.gov/). STATSGO and SSURGO soil datasets
were available from the USDA NRCS for use with the model
(http://soils.usda.gov/survey/geography/). However, the more detailed SSURGO dataset
was used for the simulations because previous studies have shown that resolution of the
spatial datasets influence the simulated data to a large extent (Geza and McCray, 2008).
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Daily precipitation and temperature data from 1995 to 2008 were available from National
Oceanographic and Atmospheric Association (NOAA) weather stations having cooperative IDs 383990, 382260 and 383111 and were used for the simulations
(http://www.ncdc.noaa.gov/oa/climate/stationlocator.html).

Model Calibration for Hydrology

The watershed was gauged upstream and downstream by USGS flow measurement
gauges 02130980 and 02130910, respectively (Figure 4.3). Daily flow data from 2002 to
2008 were available for both the upstream and downstream gauges
(http://waterdata.usgs.gov/sc/nwis/rt). A digital baseflow filter program (Arnold and
Allen, 1999; Arnold et al., 2000; Arnold et al., 1995) was used to separate streamflow
from baseflow for both the upstream and downstream gauges. The total flow and
baseflow, for the Black Creek watershed, were determined by subtracting the upstream
gauge values from the downstream gauge. SWAT was calibrated for hydrology at the
outlet of the Black Creek watershed. As evident from equations used in SWAT, water
flow is a governing factor in nitrogen loss. Thus, calibration of SWAT for hydrology
reduced the uncertainty in modeled nitrogen loss.

The model was calibrated for average annual conditions and at the monthly level.
Calibration for total streamflow, surface runoff and baseflow were carried out from 2002
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to 2008. The calibration methodology adopted shown in Figure 4.4 was based upon
published calibration methodologies (Santhi et al., 2001; Neitsch et al., 2002).

Figure 4.3: Black Creek watershed
The shaded area represents the Lake Robinson watershed which drains into the Black
Creek watershed. The total flow entering and leaving the Black Creek watershed are
measured by USGS flow measurement gauges 02130910 and 02130980, respectively.
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Separate surface runoff (SR) and baseflow (BF)
for measured flow

Run SWAT

Yes

If average of
simulated SR . 5%
of average
measured SR and
ENS 0 0.5

No
Adjust CN, ESCO

r2 0 0.6

Run SWAT

If average of
simulated BF . 5%
of average
measured BF and
ENS 0 0.5
r2 0 0.6

No
Adjust REVAPMN, GW_REVAP

Yes
Streamflow Calibration complete

Figure 4.4: Methodology adopted for hydrologic calibration of SWAT for the Black
Creek watershed

The model was first calibrated for surface runoff by varying the curve number (CN) and
soil evaporation compensation factor (ESCO). The Soil Conservation Service (SCS)
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runoff equation is an empirical model to estimate runoff under varying land use and soil
types. The SCS runoff equation is given by (Neitsch et al., 2005),

1#23 

(456

(456

75 )

75



)

where, 1#23 is the runoff (mm), 456 is the rainfall depth for the day (mm),  is the
retention parameter and 75 is the initial abstractions which is commonly approximated at
0.2S.

The retention parameter is defined as (Neitsch et al., 2005),
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where, CN is the curve number for the day and is a function of the soil’s permeability,
land use and antecedent soil moisture.

The ESCO determines the depth to which the soil evaporative demands can be met by the
model. The value of ESCO can be varied between 0.01 and 1.0. As the value of ESCO is
reduced, the model is able to extract more of the evaporative demand from the lower soil
layers (Neitsch et al., 2005).
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Once the surface runoff was calibrated, the subsurface flow or baseflow was calibrated by
adjusting the threshold depth of water in the shallow aquifer for re-evaporation or
percolation to deep aquifer to occur (REVAPMN) and groundwater revap coefficient
(GW_REVAP). REVAPMN and GW_REVAP control the movement of water from the
shallow aquifer to the root zone (Heuvelmans et al., 2004; Feyereisen et al., 2007). As
GW_REVAP approaches 0, movement of water from shallow aquifer to root zone is
restricted and as it approaches 1, the rate of transfer from shallow aquifer to root zone
approaches the rate of potential evapotranspiration. The movement of water from the
shallow aquifer to the unsaturated zone is allowed only if the volume of water in the
shallow aquifer is greater than or equal to the value of REVAPMN (Neitsch et al., 2005).
The baseflow alpha factor (ALPHA_BF) affects the recession limb of the simulated
hydrograph and groundwater delay factor (GW_DELAY) controls the time required for
the water leaving the root zone to reach the shallow aquifer (Singh et al., 2005). The
value of ALPHA_BF was determined from the digital baseflow filter program (Arnold
and Allen, 1999; Arnold et al., 2000; Arnold et al., 1995). The value of GW_DELAY
was adjusted to achieve temporal flow calibration for baseflow. Another parameter that
influences the water balance is the plant uptake compensation factor (EPCO). EPCO
governs the depth in the soil layer to which the model can extract water to meet plant
water requirements (Neitsch et al., 2005). The measure of the model’s performance was
based upon R2 and NSE of measured and simulated values.
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Before the calibrations were performed, a sensitivity analysis was carried out on the
calibration parameters to determine the degree of influence of each parameter on flow,
surface runoff and baseflow. The sensitivity analysis aided in deciding the amount of
change required in the parameter value from its default value to get a reasonable flow
calibration. The procedure was similar to the sensitivity analysis carried out on plant
growth parameters at the plot scale. A MATLAB program was written which randomly
generated values of the parameter over its given range, replaced the parameter value in
the input file and ran SWAT. The process was repeated for 1000 iterations. The same
process was adopted for all the calibration parameters.

Cotton and Switchgrass Simulations

The calibrated model was used to simulate a scenario that consisted of growing cotton on
all the agricultural fields in the watershed from 1995 to 2021. This served as the baseline
scenario to compare nitrogen loss with water flow from switchgrass systems. Four
different switchgrass scenarios were modeled for all agricultural land growing cotton in
the watershed. In all these scenarios cotton was modeled from 1995 to 2006. Switchgrass
was modeled from 2007 onwards. The different switchgrass scenarios are shown in Table
4.1.
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Table 4.1: Switchgrass scenarios modeled using SWAT
Details

Sim. No.
1

One-cut young switchgrass in 2007 and 2008

2

One-cut switchgrass with average values of plant growth parameters
from 2007 to 2021

3

Two-cut young switchgrass in 2007 and 2008

4

Two-cut switchgrass with average values of plant growth parameters
from 2007 to 2021

For each of the above mentioned scenarios, switchgrass was modeled for nitrogen
fertilization rates of 0, 30, 60, 90 and 120 lbs/ac. The management practices and
simulations were kept the same as the plot scale study to determine if switchgrass is more
beneficial than cotton in terms of nitrogen loss at the large scale as well. The nitrogen
loss with water flow simulated by SWAT for the different switchgrass scenarios was
compared with cotton.

RESULTS AND DISCUSSION

Sensitivity Analysis

The sensitivity charts in Figures 4.5-4.7 show that curve number, ESCO and EPCO
influence the surface runoff, baseflow and total flow the most. The flow components
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were most sensitive to changes in curve number. The surface runoff and total flow
increased with an increase in curve number non-linearly. The change in surface runoff
and total flow were -100% to +280% and -15% to +125%, respectively, for the entire
range of curve number values. The baseflow decreased non-linearly with an increase in
curve number. The change in baseflow was between +100% and -100% for the entire
parameter range.

All the flow components increased with an increase in the value of ESCO but decreased
with an increase in the value of EPCO. The net change in surface runoff, baseflow and
total flows were -40% to 0, -50% to +15% and -42% to +15% as the ESCO value was
changed from 0 to 1. As EPCO was varied from 0 to 1, the surface runoff changed from
+40% to 0, baseflow changed from +60% to 0 and total flow changed from +50% to 0.

The parameters GW_REVAP and REVAPMN had no effect on surface runoff. The
baseflow and total flow decreased with an increase in the value of GW_REVAP but the
change was well within 15% for the entire range of the parameter value. REVAPMN had
a positive influence on the baseflow and total flow only over a very short range of values.

ALPHA_BF was not included in the sensitivity analysis because the value of this
parameter was determined from the baseflow filter program used to carry out baseflow
separation of the daily flow data observed at the USGS flow measurement gauges
02130910 and 02130980. GW_DELAY was not included in the sensitivity analysis
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because it influences the temporal pattern of the simulated baseflow and could not be
represented on the sensitivity chart. The effect of GW_DELAY on the temporal pattern
of baseflow was observed when monthly calibrations for baseflow were performed.

The sensitivity analysis shows that the most important parameter influencing hydrology
is the curve number. ESCO and EPCO have a moderate influence on the hydrology.
These values may be varied when changes in predicted values are required but further
change in curve number is not representative of the real conditions. GW_REVAP and
REVAPMN have no effect on surface runoff but influence baseflow and hence, the total
flow. These values may need to be varied to get reasonable baseflow predictions once the
surface runoff is calibrated.
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Figure 4.5: Sensitivity chart for change in surface runoff with change in parameter value.
The parameters were normalized and the change in surface runoff was expressed as a
fraction of the default value
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Figure 4.6: Sensitivity chart for change in baseflow with change in parameter value.
The parameters were normalized and the change in baseflow was expressed as a fraction
of the default value
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Figure 4.7: Sensitivity chart for change in total flow with change in parameter value.
The parameters were normalized and the change in total flow was expressed as a fraction
of the default value
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Hydrology Calibration

Table 4.2 shows the values of the parameters determined from the results of model
calibration. The curve numbers for all land uses in the watershed were reduced from their
default values by 7.5. The curve number ranges from 37 to 95 and a lower value of curve
number implies a lower runoff potential which may be expected on account of the soils
being sandy. Stewart et al. (2006) report a reduction in curve number value by 8 for the
Upper Bosque River watershed in Texas. The value of EPCO was not varied because
EPCO governs the depth in the soil layer up to which the plant can extract water. Since
the maximum possible rooting depth was equal to the depth of the soil layer in the model,
it was reasonable to assume that the plants could extract water from the entire soil profile.
The value of ESCO was reduced by 25.3% from its default value of 0.95 to 0.71. Santhi
et al. (2001) and Santhi et al. (2006) have reported ESCO values of 0.6 and 0.8
respectively for hydrologic calibrations of watersheds in Texas. Feyereisen et al. (2007)
report an ESCO value of 0.74 for a coastal plain watershed in Georgia. The value of
REVAPMN was increased to 15 mm from its default value of 1 mm to represent
baseflow reasonably. The value of ALPHA_BF was determined at 0.0236 from the
baseflow filter program, which was 51% less than the default value. The value of
GW_DELAY was reduced to 2 days from its default value at 31 days to represent the
temporal flow pattern of baseflow more accurately. Since the soils are mostly sandy it
may be expected that the time delay between the water leaving the root zone and entering
the shallow aquifer will be short. Bosch et al. (2004) and Feyereisen et al. (2007) have
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reported a value of 1 day for GW_DELAY for a coastal plain agricultural watershed in
Georgia.

Table 4.2: Parameter values determined from calibration for hydrology
Parameter

Value used

Default value

EPCO

1

1

ESCO

0.71

0.95

GW_REVAP

0.02

0.02

REVAPMN

15 mm

1 mm

ALPHA_BF

0.0236

0.048

GW_DELAY

2 days

31 days

Calibration for annual average conditions

Figures 4.8, 4.9 and 4.10 show the correlation scatter plot of simulated versus observed
annual surface runoff, baseflow and streamflow, respectively. The regression line of
simulated versus observed surface runoff (Figure 4.8) was close to the 1:1 line. The R2
and ENS for the predicted and measured annual surface runoff were 0.77 and 0.67,
respectively. The regression line of simulated versus observed baseflow (Figure 4.9) had
a slope of 1.17. The R2 and ENS for the predicted and measured annual baseflow were
0.85 and 0.74, respectively. The slope of the regression line was nearly 1, and R2 and
ENS for the predicted and measured annual streamflow were 0.92 (Figure 4.10). SWAT
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was thus able to model the measured surface runoff, baseflow and streamflow accurately
enough for the purposes of this study.
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Figure 4.8: Simulated versus observed annual surface runoff from 2002 to 2008
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Figure 4.9: Simulated versus observed annual baseflow from 2002 to 2008
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Figure 4.10: Simulated versus observed annual total streamflow from 2002 to 2008 at
USGS flow gauge 01230980
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Calibration for average monthly conditions

Figures 4.11, 4.12 and 4.13 show the correlation scatter plot of simulated versus observed
monthly surface runoff, baseflow and streamflow, respectively. The R2 and ENS for
predicted and measured monthly surface runoff (Figure 4.11) were 0.79 and 0.63,
respectively. The regression line had a slope of 0.69 and a slightly positive intercept,
showing that the model under-estimated the surface runoff most of the time, in contrast to
the annual predictions.

The R2 and ENS for predicted and measured monthly baseflow (Figure 4.12) were 0.70
and 0.41, respectively. The regression line had a slope of 0.61 and a positive intercept,
showing that the model over-predicted the baseflow at lower observed values and underpredicted at higher observed values.

The R2 and ENS for predicted and measured monthly streamflow (Figure 4.13) were 0.90
and 0.86, respectively. The regression line had a slope of 0.83 and a small positive
intercept suggesting that the predicted values were very close to the measured values. The
monthly calibration for hydrology provided a better representation of the temporal flow
patterns in the watershed.
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Figure 4.11: Simulated versus observed monthly surface runoff from 2002 to 2008
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Figure 4.12: Simulated versus observed monthly baseflow from 2002 to 2008
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Figure 4.13: Simulated versus observed monthly total streamflow from 2002 to 2008 at
USGS flow gauge 01230980
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Cotton and Switchgrass Simulations at the Watershed Scale

Cotton nitrogen loss

Continuous cotton was simulated on all the agricultural fields in the watershed from 1995
to 2021. The simulation served the purpose of comparing switchgrass and cotton nitrogen
loss with water flow. The average annual nitrogen loss from cotton simulated by SWAT
from 2007 to 2021 was 646 / 519 tons. However, the total nitrogen loss for cotton
simulated by SWAT in 2008 was 1189 tons which may be attributed to the relatively high
rainfall in 2008. The amount of rainfall in 2007 was very less compared to the average
annual values. As a result, the total nitrogen loss was also very low resulting in more
nitrogen accumulation in the soil profile available for loss with water flow in the year
2008.

Nitrogen loss from switchgrass in its second year of growth

Figures 4.14 and 4.15 show the nitrogen loss from one-cut and two-cut switchgrass
systems, respectively, as simulated by SWAT on all the cotton fields in the watershed.
The nitrogen losses for a fertilization rate of 60 lbs-N/ac were approximately 870 tons
and 836 tons for one-cut and two-cut-switchgrass systems, respectively. The long term
average annual nitrogen loss from all the cotton fields in the watershed fertilized at 80
lbs-N/ac as simulated by SWAT was 646 tons. The nitrogen losses from one-cut and twocut switchgrass systems were, respectively, 35% and 29% more than that from cotton
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fertilized at 80 lbs-N/ac. However, if just the year 2008 is considered (the second year of
switchgrass growth for which the nitrogen loss has been reported), then switchgrass
performs better than cotton producing a net reduction in nitrogen loss by 27% and 30%,
respectively, for one-cut and two-cut systems respectively. The increase in nitrogen loss
for a one-cut switchgrass system when compared with cotton, ranges from 33% to 87%
as the fertilization rate is increased from 0 to 120 lbs-N/ac. For a two-cut system, the
increase in nitrogen loss varies from 29% to 58%.

At the large scale, nitrogen loss from young switchgrass seems to be more than the
average annual loss from cotton. This may be due to the high variation in nitrogen loss
observed for cotton from 2008 to 2021. The loss in 2008 was one of the highest for
cotton. Since all the environmental conditions were kept the same for switchgrass in
2008, the nitrogen loss for switchgrass was also high. Besides, at the large scale a higher
variability in weather is introduced which influences the hydrology and the nitrogen
cycle, which is reflected in the nitrogen losses from cotton and switchgrass simulated by
SWAT. The standard deviation of nitrogen losses from cotton was almost equal to the
mean, showing that from 1997 to 2021, the nitrogen loss was highly variable. A similar
trend was observed for long-term loss from switchgrass as well.
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Figure 4.14: Total nitrogen loss from one-cut switchgrass system in second year of
growth.
The shaded region between the dotted lines represents mean / 90% confidence interval
of average annual nitrogen loss from cotton fertilized at 80 lbs-N/ac.
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Figure 4.15: Total nitrogen loss from two-cut switchgrass system in second year of
growth.
The shaded region between the dotted lines represents mean / 90% confidence interval
of average annual nitrogen loss from cotton fertilized at 80 lbs-N/ac.

Long term average annual nitrogen loss from switchgrass

Figures 4.16 and 4.17 show the long-term average annual nitrogen loss from one-cut and
two-cut switchgrass systems, respectively, simulated on all cotton fields in the watershed.
The long term average annual nitrogen loss from switchgrass is much less when
compared to cotton for the fertilization rate range of 0 to 120 lbs-N/ac. The nitrogen
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losses for a fertilization rate of 60 lbs-N/ac were approximately 72 tons and 18 tons for
one-cut and two-cut-switchgrass systems, respectively. The long-term average annual
nitrogen loss from cotton simulated by SWAT was 646 tons. The nitrogen losses from
one-cut and two-cut switchgrass systems were, respectively, 89% and 97% less than that
from cotton fertilized at 80 lbs-N/ac.
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Figure 4.16: Average annual total nitrogen loss from one-cut mature switchgrass system.
The shaded region between the dotted lines represents mean / 90% confidence interval
of average annual total nitrogen loss from cotton fertilized at 80 lbs-N/ac.
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The reduction in nitrogen loss when compared to cotton varies from 97% to 17% and
99% to 64% for one-cut and two-cut systems, respectively, as the fertilization rate is
increased from 0 to 120 lbs-N/ac. Thus, over the lifetime of switchgrass a net reduction in
nitrogen loss may be expected if all the cotton fields in the watershed are converted to
switchgrass.
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Figure 4.17: Average annual total nitrogen loss from two-cut mature switchgrass system.
The shaded region between the dotted lines represents mean / 90% confidence interval
of average annual total nitrogen loss from cotton fertilized at 80 lbs-N/ac.
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From the modeling study conducted at the watershed scale it is evident that switchgrass
performs better than cotton in terms of nitrogen loss in the long term. However, during
the early years of growth, switchgrass loses more average annual nitrogen than cotton.
The study also suggests that a two-cut system performs better than a one-cut system
producing higher yields and less nitrogen loss. This is due to the fact that more nitrogen
is removed with yield in a two-cut system on account of harvesting twice every year.
However, agronomists suggest that a multiple cut switchgrass system significantly
reduces the life of switchgrass. Over the 14 year period that was modeled, the total
nitrogen loss expected from switchgrass from one-cut and two-cut systems fertilized at 60
lbs-N/ac are 1806 and 1070 tons, respectively, compared to 91974 tons from cotton
fertilized at 80 lbs-N/ac. The net gain in nitrogen is thus expected to be 98% and 99% for
one-cut and two-cut switchgrass systems grown on all cotton fields in the watershed.
Switchgrass can thus be grown sustainably for bioenergy but fertilizer management will
be a governing factor in the nitrogen loss from switchgrass systems.

For young switchgrass there was no uncertainty associated with nitrogen loss because the
weather conditions were known and the plant growth parameter dataset was fixed.
However, for mature switchgrass uncertainty in nitrogen loss was observed due to the
variability in weather over the 13 year period from 2009 to 2021. There was practically
no uncertainty in nitrogen loss for fertilization rates up to 60 lbs-N/ac. But uncertainty in
nitrogen loss was observed for higher nitrogen fertilization rates.
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CHAPTER FIVE
CONCLUSIONS

In the early years of growth the benefits in reduced nitrogen loss from switchgrass will be
less than that expected in the long term. In the plot scale study, the ratios of annual
nitrogen loss predicted by SWAT from one-cut and two-cut switchgrass systems
fertilized at 60 lbs-N/ac to that from cotton fertilized at 80 lbs-N/ac (SN/CN) were 2 and 3,
respectively (where, SN = annual nitrogen loss from switchgrass fertilized at 60 lbs-N/ac
and CN = annual nitrogen loss from cotton fertilized at 80 lbs-N/ac). This shows that at
the plot scale young switchgrass nitrogen loss was less than that from cotton. However, at
the watershed-scale the SN/CN ratios were 1.35 and 1.28 for one-cut and two-cut
switchgrass systems, respectively. This shows that in the first two years of growth,
switchgrass grown on all the cotton farms in the watershed was worse than long-term
continuous cotton in terms of annual nitrogen loss. This may be due to the high variation
in nitrogen loss observed from 2008 to 2021. The loss in 2008 was one of the highest for
cotton. Since all the environmental conditions were kept the same for switchgrass in
2008, the nitrogen loss for switchgrass was also high. Besides, at the large scale a higher
variability in weather is introduced which influences the hydrology and the nitrogen
cycle, which is reflected in the uncertainty in nitrogen losses from cotton and switchgrass
simulated by SWAT.
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On a long-term basis, nitrogen loss simulated by SWAT from switchgrass was always
less than that from cotton. At the plot scale, the SN/CN ratios were 0.13 and 0.08 for onecut and two-cut switchgrass systems, respectively. At the watershed scale, the CN/SN
ratios were 0.13 and 0.03 for one-cut and two-cut switchgrass systems, respectively.

Over a 14 year period from 2008 to 2021, the SN/CN ratios were 0.16 and 0.10 for one-cut
and two-cut switchgrass systems, respectively, at the plot scale. At the watershed-scale,
SN/CN ratios were 0.02 and 0.01 for one-cut and two-cut switchgrass systems,
respectively. This shows that over the lifetime of switchgrass, both at the plot scale and at
the watershed-scale, for switchgrass grown in the region on the study, nitrogen loss to
surface water and groundwater from switchgrass will be significantly less than that from
continuously grown cotton.

The Intergovernmental Panel on Climate Change (IPCC) recommends that on an average
30% of the nitrogen applied as fertilizer may be assumed to be lost to surface water after
considerations for volatilization, with the range being 10-80%. However, the plot scale
study suggests that at a fertilization rate of 60 lbs-N/ac, nitrogen losses would be 14%
and 3% of the applied nitrogen, respectively, for young switchgrass and long term
average annual conditions. Similar results were observed at the watershed scale, when the
nitrogen loss expressed as a percentage of nitrogen applied was less than 5% for long
term annual average conditions for switchgrass fertilized at 60 lbs-N/ac. For young
switchgrass, the nitrogen loss was close to 50% of the applied nitrogen at the watershed
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scale which may be due to the spatially varying climactic conditions, variable soil types
and variable topographic conditions. Thus, it is evident from the study that use of a
constant emission factor for nitrogen loss may not be appropriate in LCA studies for
switchgrass grown in the southeastern USA.
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